Organic photovoltaic (PV) cells can be the versatile platforms for inexpensive solar cells and photodetectors due to the capability of being fabricated at low temperatures on various conformable substrates potentially at low cost. Over the last decade, there have been steady advances in power conversion efficiencies of devices based on small-molecule multilayer thin films 1, 2 and polymer-blend bulk heterojunctions. 3, 4 In addition to improvements in device structure and nanoscale morphology in polymer blends, choice of the right materials cannot be overemphasized in achieving high performance devices. Pentacene has been extensively studied as a p-type semiconductor in organic fieldeffect transistors, 5 and is known to exhibit large carrier mobilities ͑Ͼ1 cm 2 /V s͒ within the plane parallel to the substrate. [6] [7] [8] Due to its polycrystalline morphology, its suitability for efficient photovoltaic cells, where large charge mobility is required in a direction perpendicular to the substrate, was unclear. PV devices 9, 10 or photodetectors 11 fabricated with pentacene to date were mostly based on Schottky contact between metal and pentacene 10, 11 rather than organic donor/acceptor junction, and PV devices had rather low efficiencies.
In this letter, we report on photovoltaic properties of an efficient solar cell based on a junction between polycrystalline pentacene as donor and C 60 as acceptor. A heterojunction with electron acceptors is desired as it promotes the dissociation of excitons, and often allows broader coverage of the solar spectrum by compensating for the spectral region where absorption by pentacene is low. The device structure and the energy level diagram of the materials are shown in Fig. 1 . Energy levels for these materials were borrowed from the literature. 1, 12, 13 A thin layer of bathocuproine (BCP) was inserted between C 60 and Al as an exciton blocking layer. 1 All the organic materials were purified once by thermal gradient sublimation 14 under vacuum before use. Organic layers and Al electrode were sequentially deposited in vacuum through shadow masks onto pre-cleaned indium tin oxide (ITO) substrates. The typical vacuum was 10 −7 Torr during the deposition of the organic materials. ITO ͑15 ⍀ / sq.͒ was used as received without further treatment except for solution cleaning. Parts of ITO were etched to define several devices with area ͑A͒ of approximately 0.1 cm 2 . All the photovoltaic properties were measured in a N 2 -filled glovebox without exposure of the devices to ambient air. The filtered output from a 175 W Xenon lamp (CVI, model ASB-XE-175EX) was used as a broadband light source ͑350-900 nm͒. Intensity of the incident light ͑I L ͒ was measured with a calibrated Si photodiode.
Electrical characteristics of a device (A = 0.13 ± 0.01 cm 2 ) with a geometry of ITO/Pentacene ͑45 nm͒ /C 60 ͑50 nm͒ / BCP ͑10 nm͒ / Al are presented in Fig. 2 . Under the illumination of the broadband light ͑I L = 100± 2 mW/ cm 2 ͒, the device exhibits a short-circuit current density ͑J SC ͒ of 15± 3 mA/ cm 2 , an open-circuit voltage ͑V OC ͒ of 363± 3 mV, and a fill factor ͑FF͒ of 0.50± 0.01. These values lead to a power conversion efficiency ͑ = FF J SC V OC / I L ͒ of 2.7± 0.4%. The inset of Fig. 2 shows the forward-and reverse-bias characteristics, from which cell series resistance ͑R S A͒ and shunt resistance ͑R P A͒ are estimated to be 2.2± 0.2 and 40 000± 3000 ⍀ cm 2 in the dark, respectively, and to be 2.1± 0.2 and 310± 30 ⍀ cm 2 under illumination, respectively. The significant reduction of R P under illumination can be due to the field-dependent carrier generation 2 and/or the photoconductive effect. 4 In order to explain the origin of the large photocurrent and estimate the performance under the standard AM 1.5 G spectrum, external quantum efficiency (EQE), or the ratio of the number of charges generated to that of the incident photons, has been obtained as a function of wavelength ͑͒ [ Fig.  3(a) ]. It is observed that efficient light-harvesting occurs throughout the visible spectrum. The peak EQE of 58± 4% is a)
Author to whom correspondence should be addressed; electronic mail: kippelen@ece.gatech.edu observed at = 670 nm at which most of the excitons are generated inside the pentacene layer considering the absorption spectrum of pentacene film 11 and that of C 60 film. 15 Microscopic processes involved in the generation of photocarriers under the influence of both generation and recombination of excitons were shown to be well described by the steady-state diffusion equation
in which L is the exciton diffusion length, D the diffusion coefficient, p͑z͒ the density of excitons at a location z, and G͑z͒ the density of excitons generated at z per unit time.
G͑z͒ is proportional to the squared electrical field strength ͉E͑z͉͒ 2 times the absorption coefficient ␣. 15 The solution to Eq. (1) may be expressed as
where a and b are constants that are determined by boundary conditions at the interfaces. Then, the photocurrent J ph is given by J ph = ͚ i e CS CC ͉D i p i Ј͉ in which i refers to either the donor or acceptor layer, p i Ј is the derivative of p i ͑z͒ at the donor/acceptor interface, and CS and CC are quantum efficiencies associated with charge separation and collection, respectively. 15, 16 As described by Pettersson et al., interference effect was taken into account when calculating E͑z͒ and G͑z͒.
15 Equation (2) was then used to obtain p͑z͒ and J ph . Boundary conditions of p͑z͒ = 0 at the donor/ acceptor interface and pЈ͑z͒ = 0 at the ITO/pentacene and C 60 / BCP interfaces were imposed. 16 CS and CC were assumed equal to 1.
Optical constants ͑n , k͒ for each participating organic material, ITO and Al were taken from the literature. [15] [16] [17] [18] [19] The calculated field distribution at = 670 nm indicates that ͉E͑z͉͒ 2 is enhanced in the vicinity of the junction by the presence of interference effect in a current geometry [see Fig. 3(b) ]. Upon comparison of the experimental data with the calculated results for EQE as a function of the exciton diffusion length of pentacene ͑L P ͒ at = 670 nm [ Fig. 3(c) ], L P is estimated to be 65± 16 nm. The diffusion length for C 60 ͑L C60 ͒ used for this calculation was 40 nm which is the value reported by Peumans, Yakimov, and Forrest 16 but choice of L C60 had little effect on EQE at = 670 nm because absorption by C 60 film is low at this wavelength. The error range in this estimation was obtained in consideration of the limited accuracies of the available optical constants for each layer. It is also advised that estimation for exciton diffusion length can yield different results depending on the model describing generation of photocurrent, boundary conditions, and other related assumptions. Exciton diffusion lengths of organic materials that were measured in various ways are summarized in Ref. 16 .
Absorption profile calculated at = 670 nm for each layer indicates 65% of the incident photons are absorbed in the pentacene layer and the others are either reflected (18%) or absorbed in the Al (12%), ITO (3%), and C 60 (2%) layers. The quantum efficiency of exciton-to-charge generation (QEC), or EQE divided by the absorption in the active layers, 20 is therefore 87%. If either of CS and CC were smaller than one, higher L P would be needed to match the experimental result. However, QEC that is fairly close to unity suggests approximation of CS = CC Ϸ 1 may be regarded as valid and that the pentacene/C 60 junction serves as the site for efficient charge separation.
From the overlap integral of EQE͑͒ with the distribution of photon flux under AM 1.5 G illumination, we project J SC to be 8.2± 0.7 mA/ cm 2 under 1 sun ͑100 mW/ cm 2 ͒.
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Then, is projected to be around 1.5% under such conditions using the typical parameters at a similar level of J SC . Currently, the most limiting factor is the relatively low V OC . The values reported in PV cells based on copper phthalocyanine (CuPc) and C 60 is around 500 mV at 1 sun level, 2 and those based on poly(p-phenylenevinylene) (PPV) derivatives and methanofullerene show V OC over 800 mV for similar conditions.
3 When the energy difference between the highest occupied molecular orbital of donor and the lowest unoccupied molecular orbital of acceptor is assumed to correlate with V OC , 22 this difference can be attributed partly to the smaller ionization potential of pentacene compared with CuPc and PPV derivatives.
In summary, we demonstrated that high efficiency can be achieved in polycrystalline pentacene/C 60 heterojunctions.
The spectrum of the EQE shows that efficient photoelectric conversion is possible throughout the visible range. The high EQE values in the red part of the spectrum are attributed to the large exciton diffusion length of the high-mobility polycrystalline pentacene thin film and the efficient charge separation at the junction. High photocurrent found in this type of cell demonstrates that pentacene is a promising material for high efficiency solar cells and photodetectors. When the multilayer structure is further optimized to maximize J SC , and when V OC is increased by the engineering of frontier orbitals, further improvement in the photovoltaic efficiency may be expected.
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